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Introduction
A recent review [1] put the spotlight on lithium 2,2,6,6-tetramethylpiperidide, LiTMP, as one of a trio of utility lithium amides (along with diisopropylamide, LiDA and 1, 1, 1, 3, 3, hexamethyldisilazide, LiHMDS) derived from organic secondary amines that have been worked in synthesis for over 40 years. [2] Due to a combination of low nucleophilicity and high Brønsted basicity, LiTMP excels especially in the selective cleavage of C-H bonds (to more functionally pliable C-Li bonds). [3] This high reactivity reflects the special architecture of its cyclic anion TMP − where electron releasing methyl branches dress both -positions adjacent to nitrogen. In organolithium chemistry one's eyes must generally look beyond the steric profile of the anionic moiety as the large polarity of Li + -C -(here Li + -N -) bonds often promotes aggregation phenomena that lead to the vast assortment of structures that gives organolithium structural chemistry its aesthetic beauty. Reported by Lappert and Atwood [4] 10 years after its embracing as a base by organic chemists, [5] the solid state structure of LiTMP is a classic within organolithium chemistry, [6] a discrete cyclotetramer with a planar (LiN) 4 ring comprising 2-coordinate Li and 4-coordinate N atoms within TMP chairs. This and related 2-dimensional structures of other lithium amides when contrasted with 3-dimensional lithium imide structures inspired Snaith to develop his seminal ringladdering and ring-stacking principles in organolithium chemistry. [7] Surveying the wellstudied solution structural behaviour of LiTMP as part of our ongoing mixed metal base investigations we were struck by its complexity and diversity in hydrocarbon media. [8] Collum detected high cyclic oligomers (LiTMP) n (n>2) in pentane from 6 Li/ 15 N NMR studies assigning them to tetramers and trimers and reasoning that in theory there would be six such oligomers altogether due to differently arranged TMP chair conformations.
[9] Indirect evidence from a 6 Li-15 N HMQC (heteronuclear multiple quantum correlation) spectrum of LiPMP (PMP is 2,2,4,6,6-pentamethylpiperidide), where introducing a fifth Me substituent at the apex of the ring slows down conformational dynamics, enabled Collum to detect and assign five species, four cyclotetramers and one cyclotrimer. Since our subsequent DFT calculations predicted these oligomeric isomers had similar relative energies [10] and knowing that polymorphs exist in related alkali metal amides (e.g., trimeric and polymeric NaHMDS) [11] , we pondered whether the solid state picture of LiTMP was complete given the multiplicity of species that co-exist in hydrocarbon solution, a medium more like the solid state than strongly solvating/deaggregating donor solution (note that Fox reports a monomerdimer equilibrium for LiTMP in d 8 -THF at -50C) [12] . Moreover, unless one deliberately looks for a polymorph of LiTMP it is unlikely to be discovered fortuitously as LiTMP is generally prepared in situ without isolation, increasingly in THF solution as part of mixed metal reagents where it will exist at least predominately in solvated form.
[13] Here we report that changing the temperature at which LiTMP is crystallised does indeed uncover a new polymorph as elucidated by X-ray crystallography. We show also that NMR spectroscopic studies, both routine ( 1 H and 13 C) and DOSY (Diffusion Ordered SpectroscopY) can easily distinguish between this long concealed polymorph and its predecessor which exist in equilibrium.
Results and Discussion
Synthesis and Crystallisation: As following the original crystallisation method it has become standard practice to synthesise LiTMP by metallation of the parent amine with an alkyllithium reagent, we decided to investigate a new approach. Exploiting the superior carbophilicity of zinc, [14] we performed a transmetallation between Zn(TMP) 2 and tbutyllithium in hexane solution at ambient temperature (Scheme 1). Regardless of the stoichiometry employed, LiTMP was produced in crystalline form in yields of 90% or higher.
An X-ray crystallographic study revealed these crystals to be predominately a cyclotrimeric polymorph, (LiTMP) 3 , 1, of the known cyclotetramer (LiTMP) 4 , 2 (see below). Unit cell checks of several crystals from each of the stoichiometric variant reactions confirmed their identity as 1. Significantly these crystals were grown from solutions in the freezer at -35C.
For comparison we reprepared LiTMP by metallation reacting n-butyllithium with TMP(H) in hexane at ambient temperature (Scheme 1) and storing the resulting solution at different temperatures. Freezer storage at -35C afforded mainly crystals of cyclotrimer 1, but raising the storage temperature to 5C or 25C gave mainly the other polymorph 2. Returning to the alternative transmetallation approach but growing crystals on the bench at 25C or in the refrigerator at 5C also gave 2. Therefore crystallisation at low temperature favours formation of 1; whereas 2 is favoured at high temperature. While identities were confirmed by unit cell checks of several crystals from each reaction, as Figure X-ray Crystallographic Studies: Since we determined the molecular structure of 1 ( Figure   2 ) at low temperature [123(2) K] [15] whereas that of 2 was determined originally at ambient temperature, we redetermined the structure of 2 ( Figure 3 ) at 123(2) K [16] both to confirm its cyclotetrameric arrangement and for a more direct comparison. Data discussed here for 2 will be restricted to those of this new improved low temperature structure. Table 1 [9] These elegant studies of Collum required the special preparation of isotopically labelled compounds. To the best of our knowledge, the same observation of these two aggregation isomers 1 and 2 has not been noted previously in routine NMR studies using ordinary unlabelled samples. Resonances associated with the -Me groups provide excellent diagnostic markers for recognising chemically distinct TMP ligands. [17] [18]
This study used tetramethylsilane, NMR spectroscopy on its own is not a good probe for separating 1 and 2 can be attributed to the two-coordinate equivalency of all the lithium atoms within each (LiN) n ring. 
Reflections on Previous Theoretical Calculations:
Another factor that helped spark our interest in searching for a new solid state polymorph of LiTMP came from an earlier DFT investigation at the B3LYP/6-311G ** level performed by our group. [10] We voiced the prospect of polymorphism on revealing that the C 3h cyclotrimer now verified here as 1 was computed to be actually 0.04 kcal mol -1 more stable than the C 4h cyclotetramer seen here in 2, previously reported by Lappert and Atwood, [4] and implicated in solution by Collum. [9] Though these calculations strictly model the gas phase only and therefore disregard crystal packing forces in solids and solvent effects in solution, the relative energy differences between this trimer and the four cyclotetramers studied in solution by Collum are so trivially small (the cyclotetramers cover a narrow range of 0.88 kcal mol -1 ) it is unsurprising that 1 and 2 exist side by side and easily interconvert in apolar aromatic and aliphatic solvents devoid of lone pairs of electrons.
Relevance to Reactivity and Structural Design: Synthetic organic chemistry has long recognised the importance of oligomer size in organolithium-mediated reactions with in general small oligomers, usually solvated, being more kinetically labile than large oligomers. [2b, 14] years after crystallographic characterisation of (LiTMP) 4 -the intriguing question to be asked is "how many other polymorphs of important organolithium compounds may have been overlooked?"
Experimental Section
General methods: All reactions and manipulations were carried out under a protective dry pure argon atmosphere using standard Schlenk techniques. Products were isolated and NMR samples prepared within an argon-filled glovebox. Hexane was dried by heating to reflux over sodium-benzophenone and distilled under nitrogen prior to use. nBuLi (1.6 M in hexanes) and tBuLi (1.7 M in pentane) were purchased from Aldrich and used as received.
TMP(H) was obtained from Aldrich and dried over 4 Å molecular sieves prior to use. ZnCl 2 was purchased from Aldrich and dried under vacuum prior to use. Zn(TMP) 2 was prepared according to a modified literature method (see supporting information). [21] NMR spectra were recorded on a Bruker AVANCE 400 NMR spectrometer, operating at 400. C spectra were referenced to the appropriate solvent signal and 7 Li NMR spectra were referenced against LiCl in D 2 O at 0.00 ppm.
Crystal structure determinations: Crystallographic data were collected at 123(2) K on Oxford Diffraction Diffractometers with Mo K ( =0.7107γ Å) radiation. Structures were solved using SHELXS-97, [22] and refined to convergence on F 2 against all independent reflections by the full-matrix least-squares method using the SHELXL-97 program. [22] CCDC-946875 and CCDC-946876 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Synthesis of (LiTMP) 3 : Transmetallation approach -Zn(TMP) 2 (0.35 g, 1 mmol) was dissolved in hexane (10 mL) and tBuLi (0.59 mL, 1.7 M in pentane, 1 mmol) added dropwise by syringe resulting in a pale yellow solution. After 10 min stirring the flask was placed in the freezer (-35°C) overnight to yield a crop of colourless crystals (0.132 g, 90%). The same procedure was repeated using 2 and 3 equivalents of tBuLi, resulting in the same product and similar yields. Deprotometallation approach -nBuLi (0.63 mL, 1.6 M in hexanes, 1 mmol) was added dropwise by syringe to a stirring mixture of TMPH (0.17 mL, 1 mmol) and hexane (10 mL 
